M osquitoes in the genus Culex are pathogen vectors for human diseases, including filariasis and various types of encephalitis, throughout the world. In the United States, they spread West Nile virus while feeding on birds and humans (1) . In Africa, Culex quinquefasciatus is emerging as a major threat to bed-net programs. These insecticide-treated nets provide only limited protection against blood-feeding by C. quinquefasciatus (2), thus misleading end users regarding the effectiveness of the nets. Environmentally friendly strategies for controlling Culex mosquitoes would have broader impacts in medical entomology, including mitigation of malaria as well as some of the so-called "neglected" diseases. Effective management of Culex mosquito populations may be achieved with oviposition attractants and other kairomones (3, 4) , because larval development is a particularly vulnerable point in their life cycle. These semiochemicals are detected by the antennae of female adults with sensilla housing odorant receptors (ORs) (5, 6) and odorant-binding proteins (OBPs) (7) (8) (9) , and these molecular targets can be used in reverse chemical ecology approaches (10) for the development of green chemistry-based strategies for insect vector management (8) . Previously, we have isolated an OBP from the antennae of C. quinquefasciatus, CquiOBP1, which is highly expressed in trichoid sensilla involved in the detection of a mosquito oviposition pheromone (8) , (5R,6S)-6-acetoxy-5-hexadecanolide (11) (hereafter referred to as MOP). CquiOBP1 bound MOP with high affinity at high pH but showed no affinity at low pH (8) . OBPs essential role for odorant reception in C. quinquefasciatus has been demonstrated by RNA interference experiments in which reduction of CquiOBP1 expression led to lower sensitivity for the detection of oviposition attractants, including MOP (12) . Using CquiOBP1 as a molecular target in a reverse chemical ecology approach (10), we identified C. quinquefasciatus oviposition attractants (8) , which are now commercially available for monitoring and surveillance.
Previous structural and functional studies of insect OBPs were focused on two questions: (i) whether OBPs can specifically recognize the corresponding ligands and (ii) how OBPs transfer the carried ligand and/or chemical stimulus to the ORs. Because the insect olfactory system is both extremely sensitive and selective, there have been long debates on whether OBPs are involved in discriminating among potential molecular signals. Plenty of structural studies show that there might be specific interactions between an OBP and its bound semiochemical (13) (14) (15) (16) . For example, a crystal structure of a PBP from the silk moth Bombyx mori (BmorPBP) in complex with bombykol reveals that a serine residue in the binding pocket specifically interacts with the alcohol group of the bound bombykol, a C16 long-chain alkene alcohol (15) . Similarly, the crystal structure of the OBP LUSH from Drosophila melanogaster demonstrates a high-affinity alcohol-binding site (13, 16) . However, other binding and structural studies also show the remarkable plasticity in the ligand-binding site of OBP (17) .
There are also two distinctively different models that have been proposed as the mechanisms that transfer the molecular signal to ORs. A series of structural studies of the BmorPBP reveals that BmorPBP exists in two major conformations in a pH-dependent manner. At a pH lower than 5.5, the C terminus of BmorPBP adopts a newly formed α-helix conformation occupying the bombykol-binding site, whereas at a pH higher than 5.5, the same C-terminus region forms an elongated stretch outside the binding site, making it available for the pheromone. These results led the authors to propose a pH-induced ligand-releasing mechanism, through which BmorPBP ejects the bound pheromone to its receptor when encountering the low pH generated by the negatively charged membrane surfaces (15, (18) (19) (20) (21) (22) . A similar ligand-releasing mechanism is observed for a PBP from the giant silk moth Antheraea polyphemus (14, 23) . Contrary to the direct ligand releasing, the structural studies of the OBP LUSH suggest a completely different way of signal transduction. It has been shown that To whom correspondence should be addressed. E-mail: wsleal@ucdavis.edu.
LUSH undergoes a conformational change on binding with its specific pheromone, switching a surface loop from an inactive conformation to an active conformation that is capable of triggering the activation of T1 neuron. Instead of directly taking up the ligand released by the OBP, the ORs are proposed to perceive the information carried by OBPs indirectly through the conformational changes elicited by specific pheromones (24) .
MOP affinity for CquiOBP1 is pH-dependent, as was observed for moth PBPs. These findings suggest a different mechanism, because CquiOBP1 lacks a C-terminus region that is long enough in the moth PBPs to fold into an extra α-helix at low pH. Additionally, the structures of another two mosquito OBPs, AgamOBP1 from the malaria mosquito Anopheles gambiae and AaegOBP1 from the yellow fever mosquito Aedes aegypti, were recently solved by X-ray crystallography (25, 26) . Those two OBPs, closely related in sequence to each other and to CquiOBP1, reveal strikingly similar 3D structures despite remarkable difference in the chemical ecology of these three species. To explore CquiOBP1 further as a molecular target for the development of mosquito oviposition attractants, we determined by X-ray crystallography and NMR the 3D structure of CquiOBP1 complexed with MOP and compared it with AgamOBP1 and AaegOBP1 structures. We describe here structural features of mosquito OBPs, including a unique binding pocket with a long hydrophobic channel.
Results and Discussion
Crystal Structure of the CquiOBP1·MOP Complex. The crystal structure of CquiOBP1 was determined in complex with MOP at pH 8.2 to a resolution of 1.3 Å. Initial phases were readily determined by molecular replacement using the structure of AgamOBP1. The structure was refined to a final R factor and R free of 13.2% and 17.4%, respectively ( Table 1) .
The overall structure of the CquiOBP1·MOP complex is similar to that of other previously solved OBP structures, which consist of six helices (labeled α1 to α6) surrounding a central hydrophobic cavity. Three conserved disulfide bonds are established between cysteine pairs 26/57, 53/104, and 95/113 (Fig. 1A) . In particular, the protein structure is almost identical to that of the other two mosquito OBPs, AgamOBP1 and AaegOBP1 (Fig. 1B) . LSQMAN alignment using the α-carbons shows a rmsd from CquiOBP1 of 0.344 Å for AgamOBP1 and 0.454 Å for AaegOBP1. Both AgamOBP1 and AaegOBP1 share a high degree of sequence identity with CquiOBP1, 90% and 87%, respectively. In contrast to BmorPBP, which has a long and extended C terminus at neutral pH, the C-terminus extension of CquiOBP1 is much shorter and folds inside the central cavity, making up part of the central cavity wall.
CquiOBP1 has been found to exist in monomer-dimer equilibrium in solution (8) . The protein also forms a noncrystallographic dimer in the asymmetrical unit, which buries 1136.6 Å 2 of surface area at the interface. The same dimerization interface was also observed in the crystal structures of AgamOBP1 and AaegOBP1, suggesting the observed dimer might be a physiologically relevant state that is conserved among mosquito OBPs.
Structure of the MOP-Binding Site. Similar to the ligand-binding pocket in other OBP structures, a central cavity is observed inside the protein and is covered exclusively by hydrophobic residues. However, in contrast to all the previously published ligand-bound OBP structures, a large part of MOP is not identified inside the central cavity. Instead, MOP has its long lipid "tail" bound in a hydrophobic tunnel formed between helices 4 and 5 and only has its lactone/acetyl ester "head" sticking into the central cavity ( Fig.  2A) . The hydrophobic tunnel is lined by Leu73, Leu76, His77, and Leu80 from helix 4; Met91, Gly92, and Leu96 from helix 5; and Trp114 from helix 6. Because helices 4 and 5 also form the dimeric interface of the crystal structure, the two MOP-binding tunnels of each CquiOBP1 dimeric unit meet and connect at the dimer interface. Notably, the same ligand-binding pocket was serendipitously identified in the previous structures of AgamOBP1 and AaegOBP1 by a bound PEG molecule from the crystallization solution (25, 26) . In those structures, a single PEG molecule 55-80 atoms long gets into one OBP molecule from an opening created by helices 1, 3, and 4; runs through the central cavities and the connected hydrophobic tunnels between helices 4 and 5; and comes out through the second OBP molecule of the dimer (Fig. 2B ). All the residues that line up the MOP-binding tunnel are well conserved in AgamOBP1 and AaegOBP1. The apparent tunnel created by the dimer could well be a solid-state artifact resulting from the high OBP concentrations used for crystallization. However, in other insect OBP structures, this tunnel is either blocked or disrupted by mutations and/or relative movement of helices 4 and 5.
Further examination of the complexed crystal structure indicated that most of the lipid chain of MOP was buried in the tunnel, with the rest of the molecule only occupying about half of the central cavity-the traditional binding site of OBPs. The relatively less well-defined electron density around the lactone ring suggests that this part of MOP has several conformations in the cavity. Still, MOP makes extensive hydrophobic interactions and van der Waals interactions inside the cavity. The acetyl ester branch is buried in a hydrophobic patch formed by Tyr10, Leu80, Ala88, Met91, His121, and Phe123. Similarly, the lactone ring makes interactions with Leu15, Leu19, Leu80, His111, Tyr122, and Phe123. All these residues are also conserved in AgamOBP1, but in AaegOBP1, Leu15 and Leu19 are replaced with Phe15 and Met19, which are apparently bulkier but equally hydrophobic. The majority of those interactions are located on one side of the lactone ring, leaving free space on the other side, which is likely the cause of the relative flexibility of the lactone ring in the binding pocket.
Intriguingly, residues in the C terminus (e.g., His121, Tyr122, Phe123) of CquiOBP1 make extensive contact with both the acetyl ester group and the lactone ring of MOP, acting like a holder that restrains the MOP in the binding site (Fig. 3) . It has been previously observed in the structures of AgamOBP1 and AaegOBP1 that the C-terminal carboxylate group interacts with the hydroxyl of Tyr54 and the δ-nitrogen of His23, making a potential pH-sensing triad that locks the C terminus onto helix 1 and helix 3 (25) . We found that the same interaction is well conserved in the structure of the CquiOBP1·MOP complex. It is likely that a drop in pH could disrupt the hydrogen bond network within the triad and some other interactions between the C-terminal loop and the rest of the protein, and therefore displace the C terminus from the central cavity. That would result in a loss of support of MOP from these residues and, eventually, release of MOP by the protein. The observation that MOP occupies part of the long tunnel in the dimeric structure prompted us to investigate if the same CquiOBP1·MOP complex exists in solution. , respectively. Elevated R 1 values and decreased heteronuclear NOE values (<0.65) are apparent for the first eight residues from the N terminus, consistent with significant backbone flexibility in this region (28) . Assuming isotropic tumbling of CquiOBP1·MOP, the overall rotational correlation time was obtained from R 1 /R 2 ratios of all residues within 1 SD of the average value (29) . Thus, the average rotational correlation time was calculated to be 9.4 ± 0.5 ns at 298 K, indicating that, contrary to the crystal structure, the CquiOBP1·MOP complex is monomeric in solution at pH 7.0 under NMR conditions.
We attempted to perform a detailed spectral analysis of bound MOP, but the chemical shifts of the aliphatic protons in the pheromone were severely overlapped with each other and with aliphatic protons from the protein, thus preventing accurate NMR assignments for the bound MOP. The structure of the protein itself in the CquiOBP1·MOP complex was obtained with more than 95% of the protein NMR resonances assigned (27) , and the assignments have been deposited to the BioMagResBank (BMRB) repository (accession no. 16175). NMR-derived protein structures of CquiOBP1·MOP complex were calculated on the basis of NOE data (from the protein), slowly exchanging amide protons (NH), chemical shift analysis, and 3 J NHα spin-spin coupling constants (Methods). The analysis of chemical shift index (30), 3 J NHα (31) , and hydrogen-deuterium exchange rates of NH groups (32) determined the secondary structure. Table 2 summarizes the structural statistics calculated for 15 lowest energy conformers. The ensemble of the 15 lowest energy NMR structures has a rmsd of 0.68 Å for main chain atoms and 1.17 Å for all heavy atoms. The energy-minimized average NMR structure of CquiOBP1·MOP is illustrated in Fig. 5 , and the overall fold is nearly identical to that described above for the X-ray structure. The rmsd of the main chain atoms is 1.15 Å when comparing the NMR and X-ray structures in regions of regular secondary structure.
A long stretch of amino acid residues in helix α5 (Ala112 to Leu120) exhibits exchange-broadened NMR resonances, suggesting that this region may undergo some type of conformational exchange. Many of these exchange-broadened residues (Ala112, Met113, Gly116, and Lys117) are found on the internal surface of helix α5 and make very close contact with the bound MOP in the crystal structure. Thus, the apparent flexibility of helix α5 may be the result of its binding interaction with MOP. We propose that conformational fluctuations in helix α5 may function as a gate to help create an opening to allow entrance of MOP inside the protein tunnel.
Our results show that MOP binds to CquiOBP1 by simultaneously engaging both the traditional central cavity and a hydrophobic tunnel connected to it. Interestingly, the dimer is dissociated in solution, but binding is retained. This unprecedented binding, which involves more than the binding pocket, has implications on how mosquito OBPs may contribute to the selectivity of the olfactory system.
We found that the interactions between the MOP and CquiOBP1 are exclusively hydrophobic interactions and van der Waals interactions, in direct contrast to the hydrogen bonds observed in the BmorPBP·bombykol complex and LUSH·alcohol complex. Although the oxygen atoms on the acetyl ester group and the lactone ring can be potential hydrogen bond acceptors, none of them is making hydrogen bond with the protein. In fact, the electron density around those functional groups is less defined compared with the rest of the MOP molecule, suggesting that their interactions with the protein are not strong enough to "fix" them in the cavity. This result agrees with our previous binding studies (8) , which show that CquiOBP1 binds not only to the natural pheromone stereoisomer (5R,6S)-MOP but to its antipode (5S,6R)-MOP. Because there is no strong recognition of the functional groups and enough room in the cavity, the antipode can have its functional groups bind to the cavity in another direction and still have its lipid chain bound in the hydrophobic tunnel.
The remarkable similarity between the structure of CquiOBP1 and that of AgamOBP1 and AaegOBP1 suggests those two mosquito OBPs might bind to and recognize their ligands in a similar fashion. Both AgamOBP1 and AaegOBP1 structures were solved with a molecule of PEG bound in the position where MOP is bound in CquiOBP1, suggesting that this unique ligandbinding site might be universal among mosquito OBPs. Furthermore, all the residues that make contact with MOP in CquiOBP1 are conserved in the other two mosquito OBPs, except for two conservative mutations in the central cavity of AaegOBP1. We therefore hypothesize that those two OBPs might also be able to bind to long-chain fatty acid-derived compounds like MOP. Indeed, binding assays showed that the three mosquito OBPs, CquiOBP1, AgamOBP1, and AaegOBP1, bound MOP at high pH with similar affinity (Fig. 6A) . We further hypothesize that CquiOBP1 does not recognize the specific functional group of MOP but rather recognizes the length of lipid chain that fits its 
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1.17 ± 0.1 Å Fig. 5 . Overlay of the X-ray crystal structure (cyan) and average NMR structure (magenta) for CquiOBP1·MOP. The rmsd of the main chain atoms is 1.19 Å when comparing the NMR and X-ray structures in the regions of regular secondary structure.
hydrophobic tunnel. Indeed, binding assays showed that CquiOBP1 binds aldehydes and geranylacetone but not γ-octalactone (Fig.  6B) . Interestingly, octanal showed apparent higher affinity than nonanal and decanal, thus suggesting that a shorter hydrophobic chain fits better in the hydrophobic tunnel. Taken together, these findings suggest that CquiOBP1 acts more like a "broadband filter" that can pick up ligands selected on the length of the hydrophobic chain rather than the functional group. These structural insights could prove useful in designing the next generation of oviposition attractants for mosquito control. In CquiOBP1 structure, we identified the same hydrogen bond triad in the C terminus of the protein as previously observed in AgamOBP1 and AaegOBP1. We propose that this hydrogen bond triad is a pH-sensing "lock" that clamps the "hinge," the C terminus, onto the bound MOP. The disruption of this hydrogen bond network at low pH would destabilize the C-terminal loop and "unlock" the bound ligands. We did not detect any significant ligand-induced conformational change in the structure of the CquiOBP1·MOP complex compared with that of AgamOBP1 and AaegOBP1, suggesting that the pheromone-induced conformational change mechanism of Drosophila LUSH probably does not apply to CquiOBP1. It is therefore likely that different OBPs exhibit different ligand-releasing/signal transduction mechanisms in communicating with ORs.
Materials and Methods
Expression and Purification of CquiOBP1, AaegOBP1, and AgamOBP1. Nonlabeled CquiOBP1, AaegOBP1, and AgamOBP1 were prepared by a periplasmic expression that is known to generate properly folded functional OBPs (8) . Uniformly 15 N-labeled and 13 C, 15 N-labeled CquiOBP1 was expressed in Escherichia coli and purified by ion exchange and gel filtration chromatography as described previously (23 X-Ray Data Collection, Processing, and Structure Determination. A complete dataset for the CquiOBP1·MOP crystal was collected at 100 K at the Advanced Photon Source, Argonne National Laboratory, using the microdiffractometer facility on beam line ID-24. Data were processed and scaled with HKL2000 (33). Molecular replacement was performed with PHASER (34) of the CCP4 suite (35), using one monomer of the structure of AgamOBP1 (PDB ID code 2ERB) (26) without solvent molecules and ligand as the search model. A clear solution was found in the cross-rotation function and subsequent translation function. The molecular replacement solution was then submitted to ARP/wARP (36, 37) for automated model building. The protein model resulting from this automated procedure was completed and further refined by interactive rounds of manual fitting in COOT (38) and REFMAC (37) . Inspection of 2F o − F c and F o − F c electron density maps confirmed the presence of MOP molecules, which were modeled after the protein structure was satisfyingly refined. The CquiOBP1/MOP structure was further refined with the addition of the restraints for ideal geometry of MOP. Data collection and refinement statistics are given in Table 1 N NOE experiments were performed on CquiOBP1/MOP at 25°C using standard pulse sequences described previously (40) . Longitudinal magnetization decay was recorded using seven different delay times: 0.01, 0.05, 0.15, 0.2, 0.3, 0.4, and 0.8 s. Transverse magnetization decay was recorded with eight different delays: 0.0, 0.016, 0.032, 0.048, 0.064, 0.08, 0.096, and 0.112 s. To check sample stability, transverse magnetization decay at 0.032 s was verified to be unchanged before and after each set of measurements. A recycle delay of 1.5 s was used in measurements of both 15 N R 1 and 15 N R 2 experiments. Steadystate 15 N NOE values (28) were obtained by recording two sets of spectra in the presence and absence of a 3-s proton saturation period. The NOE experiments were repeated three times to calculate the average and SD of the NOE values. The overall rotational correlation time for backbone amide motion was determined using the protocol described previously (41) .
NMR Structure Calculation. Backbone and side chain NMR resonances were assigned as described previously (42) . Analysis of NOESY data determined nearly 2,000 interproton distance relationships throughout the protein (43) . The NMR-derived distances and dihedral angles then served as constraints (Table 2) for calculating the 3D structure of the protein using distance geometry and restrained molecular dynamics. Structure calculations were performed using the YASAP protocol within X-PLOR (44, 45) as previously described (46) . A total of 1,856 interproton distance constraints were obtained as described (42) by analysis of 13 C-edited and 15 N-edited NOESY-HSQC spectra (100-ms mixing time) of 13 C, 15 N-labeled CquiOBP1/MOP. In addition to the NOE-derived distance constraints, the following constraints were included in the structure calculation: 196 dihedral angle constraints (ϕ and ψ) and 122 distance constraints for 61 hydrogen bonds verified by identifying slowly exchanging amide protons in hydrogen-deuterium exchange experiments (28) . Fifty independent structures were calculated, and the 15 structures of lowest energy were selected. The average total and experimental distance energies are 3,361 ± 359 and 187 kcal mol −1 , respectively. The average rmsds from an idealized geometry for bonds and angles are 0.0081 Å and 1.98°. None of the distance and angle constraints were violated by more than 0.40 Å and 4°, respectively.
Binding Assays. Binding was measured by separately incubating 5 μg of CquiOBP1 (8), AgamOBP1 (26), or AegOBP1 (25) with 1 μL, 3.2 mM MOP in a 50-μL solution. Likewise, octanal, nonanal, decanal, geranylacetone, and γ-octalactone were separately incubated with CquiOBP1. The unbound and bound proteins were separated using an ultracentrifugal device; the ligand was extracted from the bound protein with hexane after lowering the pH OBP1s from three mosquito species. Each protein was incubated separately with the same amount of the Culex attractant. Although CquiOBP1 showed slightly higher affinity, the OBPs from the malaria mosquito, AgamOBP1, and the yellow fever mosquito, AaegOBP1, bound with high affinity at high pH. None of the OBPs showed significant binding at low pH. (B) Binding of other test ligands to CquiOBP1 at pH 7. Octanal, nonanal, decanal, and geranylacetone showed significant binding affinity, but γ-octalactone did not bind.
and quantified by gas chromatography according to a previously reported "cold-binding assay" (20) . Additionally, binding was measured by a competitive binding assay using N-phenyl-1-naphthylamine as a fluorescent reporter (47) . Fluorescence spectra were recorded on a Shimadzu RF-5301 PC spectrofluorometer. The coordinates of CquiOBP1·MOP have been deposited in the Protein Data Bank (3OGN, X-ray crystallography structure; 212C, NMR structure).
